The close proximity of short period hot-Jupiters to their parent star means they are subject to extreme tidal forces. This has a profound effect on their structure and, as a result, density measurements that assume that the planet is spherical can be incorrect. We have simulated the tidally distorted surface for 34 known short period hot-Jupiters, assuming surfaces of constant gravitational equipotential for the planet, and the resulting densities have been calculated based only on observed parameters of the exoplanet systems. Comparing these results to the density values assuming the planets are spherical shows that there is an appreciable change in the measured density for planets with very short periods (typically less than two days). For one of the shortest-period systems, WASP-19b, we determine a decrease in bulk density of 12% from the spherical case and, for the majority of systems in this study, this value is in the range of 1-5%. On the other-hand, we also find cases where the distortion is negligible (relative to the measurement errors on the planetary parameters) even in the cases of some very short period systems, depending on the mass ratio and planetary radius. For high-density gas-planets requiring apparently anomalously large core masses, density corrections due to tidal deformation could become important for the shortest-period systems.
Introduction
Since the first planet outside the solar system was discovered orbiting the millisecond pulsar PSR1257+12 (Wolszcan et al. 1992) , the study of extra-solar planets has rapidly become one of the key research areas in astronomy today. At the time of writing, 1782 exoplanets have been identified through many different techniques including radial velocity measurements, gravitational microlensing, transit surveys and many others. As of writing, 1133 are known to be transiting, mostly discovered by transit surveys such as Super-WASP (Pollacco et al. 2006) , CoRoT (Borde et al. 2003) , the HATnet project (Bakos et al. 2002) and Kepler (Boricki et al. 2010) . Transiting systems provide a radius, and hence bulk density when coupled with the planetary mass determined from radial velocity followup, as well as characterising their atmospheres with techniques such as transmission spectroscopy (Charbonneau et al. 2001 , Snellen et al. 2008 ) and secondary eclipse photometry (Gibson et al. 2010 , Burton et al. 2012 . The bulk density is an important parameter to determine, as this value is used in chemical composition models and atmospheric simulations. The bulk density is measured by determining the radius of the planet from the transit lightcurve, and assuming a spherical planet in order to work out the volume. Since the volume and mass of the planet are then both known, a simple bulk density calculation can be applied.
Previous work on modelling exoplanet distortion has been carried out by Leconte et al. (2011) , who demonstrated that tidal and rotational forces result in a systematic underestimation of the planetary radius. The tidal distortion is particularly relevant for short period planets with low masses and large radii, as these systems are subject to a significant amount of gravitational interaction with the host star. Since the bulk of the distortion would lie along the axis connecting the star and planet, this effect would not be apparent during transit observations -where the planet will appear largely spherical due to the observer being presented with a smaller cross-sectional area during transit. Failing to account for this distortion would therefore result in a systematic overestimation of the measured densities of exoplanets, since the volume is calculated based on the planet being spherical. Since a significant proportion (∼30%) of exoplanets so far discovered have orbital separations of 0.1A.U. (Matsumura et al. 2010) , this could potentially affect the measured bulk densities of a number of hot-Jupiter systems. Indeed, work by Lammer et al. (2009) and Li et al. (2010) show that distortion in WASP-12b is appreciable, and can potentially impact on mass-loss rates for short-period systems. Naturally, if the tidal forces are weak, the distortion will be negligible, and the planet remains close to spherical.
While Leconte et al. are able to calculate the distorted shapes of exoplanets, which has important implications for our understanding of the internal dynamics of short period sys-tems, their approach is limited in that the models are difficult to reconcile with observational parameters. For example, the work of Leconte et al. requires detailed internal structure models, incorporating effects such as rotation and atmospheric structure. These parameters are obtained from models derived from measurements of Jupiter and Saturn. Since our Solar System's gas giants have markedly different rotation periods, orbital separations and incident fluxes to those of the short-period hot-Jupiters, accurate determination of such internal parameters for hot-Jupiters is fraught with uncertainty and potential error, as well as being beyond the expertise of the average observer. This is further demonstrated by the fact that, to the best of our knowledge, the important work by Leconte et al. has never been applied to determine planetary density corrections in any observational exoplanet characterisation publication (though it has been used to indicate the importance of tidal distortion effects e.g. Mancini et al. 2013 , Kovacs et al. 2013 . The aim, therefore, was to outline a much simpler model to estimate planetary distortion, which would be easier to implement and would be comparable to the more detailed simulations of Leconte et al. In order to make the models as applicable to observers as possible, the main focus of the modelling was to estimate the distortion using observed parameters gleaned from transit photometry and RV measurements.
In this paper, we model the gravitational interaction between the parent star and planet using the Roche approximation, and show that tidal distortion can be significant for hotJupiters with orbital periods less than ∼2 days. In section 2, we outline the method of constructing a distorted hot-Jupiter and measuring the volume in order to work out the change in bulk density, and use this model in section 3 to estimate the distortion of hotSaturn-like planets. In section 4, we use the parameters of the shortest-period systems, derived from follow-up photometry and radial-velocity measurements, to calculate the tidal distortion of these exoplanets, and discuss the significance of these findings, comparing the results with the simulations by Leconte et al.
Method
In order to model the exoplanets' tidally distorted surface, we have assumed that it lies along a surface of constant gravitational potential. Under the Roche approximation (Chandrasekhar 1969) , the total gravitational potential (Φ) at any point within the system is given by;
(e.g. Pringle 1985) where M 1 is the mass of the primary component (in this case the host star) and M 2 is the mass of the secondary (in this case the exoplanet). x, y and z are co-ordinates in which the surface is plotted with the origin at the centre-of-mass of the primary component, where x is along the line-of-centre, y is along the orbital plane and z makes a right-handed set. a is the orbital separation between the centres-of-mass of the two
and Ω = 2π P orb (the angular velocity of the system), where P orb is the orbital period.
The Roche approximation has widely been used to model interacting binary systems, such as Cataclysmic Variables (CVs). For example, Roche tomography (for a description, see e.g. Rutten et al. 1996 , Watson et al. 2004 ) uses the Roche approximation in order to reconstruct the surface features of secondaries for a number of CV systems from the velocity profiles (Watson et al. 2001 , Watson et al. 2003 , Dunford et al. 2012 . Given the extreme tidal forces acting on some short period hot-Jupiters, it was decided to model their shapes using the Roche approximation. The main advantage of this approach is that it is possible to obtain the distortion solely from the observed system parameters as opposed to methods which use parameters derived from simulations, such as planetary rotation and internal structure. We note here that the Roche approximation has previously been used by Budaj (2011) to estimate the reflection effect for tidally distorted planets, but density corrections were not calculated for these systems.
In order to measure the distortion of the planet using the Roche approximation, a number of assumptions have been made. First, we have assumed the planet is tidally locked with the star, so the orbital period is equal to the rotation period. We also assume the orbit has been circularised, so as to keep the distortion over the orbital period constant. This is a reasonable assumption, as it follows predictions of hot-Jupiter formation and follow-up work (e.g. Nagasawa et al. 2008) . It is also a requirement of equation 1. We have also assumed that the mass of the planet is centrally condensed, again, required by equation 1. This was also an assumption made by Leconte et al. and, for example, simulations by Campo et al. (2010) predict a centrally condensed WASP-12b given an orbital eccentricity of ∼0.
In order to match the model to the observed radius, the value of Φ in equation 1 was adjusted such that the projected area of the model planet during transit matched those given by observations. This method gives the quantity (R P /R S ) 2 , the ratio of the planetary occulting area to projected star area. Since this is equivalent to the actual parameter derived from the transit light curve, this was determined to be the best method in which to set the value of R P , as opposed to just setting the value of Φ to return the corresponding polar radius. The three-dimensional output is given in Figure 1 , along with the spherical case using the parameters of WASP-19, a planetary system with one of the shortest known orbital periods (0.79 days). Figure 2 shows the sky-projected surface area of WASP-19b for both the spherical and distorted case at phase 0. As can be seen from the projections, the polar radius at zero phase is almost identical. This is due to the bulk of the distortion being projected away from the observer, towards the star, making the planet appear spherical in both cases. Note how the distorted case is more oblate, and the increase in volume is appreciable.
Since the precise co-ordinates of the tiles were known, the volume of each 'slice' of elements was determined by finding the area bounding the surface of the tile with the centre of the slice. The area was then multiplied by the depth of each slice, effectively modelling it as a tapered wedge. The number of tiles were set sufficiently high to make the gaps Fig. 2. -The sky projected surface of equal area of WASP-19b at zero phase for both the spherical case (black) and distorted case (green/light grey). It can be seen that the distorted case is very close to the spherical case, and thus the distortion will be extremely difficult to detect during transit. between sequential tile areas negligible, but also sufficiently low to avoid truncation issues when working out the projected area. To check there were no jumps in the projected area due to the tile projections, the density of the planet was calculated as a function of orbital period. Figure 3 is an example of this process using the system parameters of This allowed for the internal consistency of the code to be tested by setting the orbital period of the system to a value where one would expect the distortion to be negligible, and hence the planet to be spherical. At around 10 days, the difference between the volume given by the spherical case and the volume output from the simulations was ∼0.001% for WASP-19b. Once the accuracy and consistency of the code had been thoroughly established and tile truncation and placement errors had been minimised, the parameters of thirty-four short-period hot-Jupiters were obtained in order to model the tidal distortion for each of these systems. We discuss the impact of this in section 4. -19b . After approximately 2 days, the change is negligible when compared to the density at the actual period of 0.7888 days.
Saturn-like planets
As a final demonstration, a number of cases of exoplanets with parameters similar to Saturn have been modelled with the orbital period set to one day, the results of which are summarised in Table 1 . This was carried out in order to investigate the region of planetary parameters, primarily star-to-planet mass ratio, which are most susceptible to a severe (i.e. >20%) level of distortion. A 1M J model and 0.3 M J (Saturn-like) model have been added as a comparison. We have also run the simulations over a range of orbital periods. The results from these simulations indicate that for Saturn-mass planets, the density correction is significantly important for orbital periods of less than ∼1.5 days. For a hot-Saturn with an orbital period of 0.6 days, the density correction approaches 25%, sufficient to alter the position of the exoplanet on the mass-radius relation (see Figure 5 ). Whilst there has yet to be a candidate discovered matching these orbital parameters, many systems are being identified with densities matching that of Saturn with short orbital periods (e.g Fortney et al. 2011 , Ojeda et al. 2013 , Gandolfi et al. 2013 . It can be seen that a density correction of ∼5-10% is being approached for systems with more massive host stars, for orbital periods of 1 day. Whist systems matching these exact parameters have yet to be discovered, hot-Jupiters with orbital periods of less than one day are known to exist (e.g. . The parameters we have used for these simulations provide an initial, if somewhat speculative, investigation into planets which could potentially show extreme levels of distortion. In the case of GJ163b -a non-transiting exoplanet -we have simply used the mass ratio of the system with a Saturn-like radius, as the radius of the planet cannot be constrained from radial velocity measurements.
An especially interesting case is that of HD149026b. Since its discovery in 2005, the incredibly high density (1.17gcm −3 ) has resulted in the prediction of an anomalously high core mass of 70-85M ⊕ (Sato et al. 2005) . Previous predictions of planetary formation using the core accretion model indicate a maximum core mass of 30M ⊕ before runaway gas accretion occurs (Ikoma et al. 2006) . Several explanations for the massive core of HD149026b have been proposed, including heavy element rain onto the core, accretion of planetesimals and collisions between planetary embryos (Sato et al. 2005; Fortney et al. 2006) . While the gravitational distortion of this planet with its current orbital period of 2.8 days is insufficient to lower its density in order to reduce the core mass to levels that agree with accretion theory, gravitational distortion could allow this for shorter period systems, should they be observed. For example, a Saturn-mass planet in a 1 day orbit around a 1.1M ⊙ star would yield a radius of 0.7R J if sphericity was assumed, but would actually have a mean radius closer to 0.8R J due to gravitational distortion. Using the evolutionary models of Bodenheimer et al. (2003) in addition to the core mass values calculated by Sato et al. (2005) with our new density value would allow a more accurate core mass to be estimated for such systems. For the case above, assuming a spherical planet (i.e. a radius of 0.7R J ), the core mass would be calculated to be 85M ⊕ assuming a core density of 5.5gcm
−3 , and a core mass of <74M ⊕ assuming a core density of 10.5gcm −3 (the core density of Saturn). The value of our density correction, however, would result in a corrected estimate of the core mass of <74M ⊕ assuming a core density of 5.5gcm
−3 , and a core mass of <60M ⊕ assuming a core density of 10.5gcm −3 for the distorted case. This reduction in the core mass of a planet analogous to HD149026b on a sufficiently short-period indicates that hot-Saturns discovered to have a higher than expected core mass can be partially explained by the tidal distortion effect. Additional mechanisms, such as accretion of planetesimals, can then be invoked to explain this much more easily with a reduced core mass. Table 1 : Output from simulations using the mass-ratios of three exoplanet systems, HD149026, WASP-29 and GJ163, using a 1 day orbital period. Also included as a comparison are the cases for a Jupiter-mass planet and a Saturn-mass planet orbiting a 1M ⊙ star with a period of 1 day. The density values have been indicated for both the spherical (6) and distorted cases (7). 
Results and discussion
The results for thirty-four short-period hot-Jupiters are shown in Table 2 . The most significant distortion of the hot-Jupiters modelled occur for the shortest period systems, with WASP-19b having a density which is 12% less than the spherical case. Since the size of the Roche lobe is dependent on the period (and thus the separation distance of the components) in addition to the mass ratio of the two components, this follows expectations. However, WASP-43b also has an extremely short period, and one therefore might expect a distortion comparable to that of . Whilst the period is a key parameter in the size of the critical Roche lobe, in the case of WASP-43b the density is extremely high (over twice that of Jupiter). This means that for the mass ratio of this system, combined with the relatively small radius of the planet, the distortion due to tidal interactions for this system is negligible, at least in comparison with systems with a similar orbital period. Essentially, for planets with a large mass (>1.5M J ), but with a radius comparable to that of Jupiter, the distortion is negligible for a given stellar mass. Again, this follows expectations, since the critical Roche lobe is much bigger and, as a consequence, the planet has very little distortion as it lies well within its Roche lobe. This can be seen for planets such as Corot14b and WASP-14b. Also, for planets, with an orbital period of greater than ∼2 days, the distortion becomes negligible as is also evident in Figure 3 . The other main variable which causes a similar change in the size of the Roche lobe is the mass ratio of the two components. For a more massive host star, the size of the critical Roche lobe decreases. Conversely, a more massive planet will allow for the size of the Roche lobe to increase, however in the case of the extreme mass ratio between a host star and planet, this effect is much less significant than for example in CVs, where the mass of the components is comparable. For the planets we have investigated, the mass ratio of the systems is relatively uniform, as indicated in Figure 4 and Table 2 . However, given the extreme mass ratio between hot-Jupiter and host star (of the order ∼10× −3 ), this parameter value is a very important determining value as to the distortion of the exoplanet. For the majority of systems we have modelled, the change in bulk density from the spherical case is in the range 1-5%, meaning that even for systems where the parameters are not particularly conducive to a major distortion, this effect can still be significant. It should be noted that typical measurement uncertainties on the masses and radii of exoplanets (and their host stars) lead to errors on the derived bulk densities of the order of ∼5%. Thus, for the majority of the systems in Table 2 the correction required is not significant -and only the most heavily distorted planets present a significant level of bulk density correction. In the specific case of WASP-19b, for example, the measurement error on the currently published bulk density is 6.1% (Hellier et al. 2011a ) -significantly less than the correction needed to account for tidal distortion (12.0%). In addition, it should be noted that the distortion effect is systematic in that it can only decrease the density. In the future, as measurement errors on the radius and mass of the systems are refined, the bulk density error value/distortion will become more important. Figure 4 shows the decrease in bulk density as a function of orbital period for these planets from Table 2 . The radius of the hot-Jupiter is represented by the size of the points on the graph. As expected, the shortest period hot-Jupiters are the most susceptible to tidal deformation, leading to overestimates of the planetary density of >10% in some cases.
The results from our simplified Roche models agree with the more complex approach of Leconte et al.. The two cases of particular interest being the two most distorted exoplanets we modelled; WASP-12b and WASP-19b. Leconte et al. return a radius increase in the direction of the distortion of 3% for WASP-12b and 2.72% for WASP-19b, in comparison with our volume calculations which return an increase of 3.21% and 3.56%, respectively. These figures are likely to change as the error bars on the observed parameters are refined, and the difference between the radius values calculated from simulations (as used by Leconte et al.) and the simpler Roche method should be compared when new volume models are generated. It is also mentioned by will have a mean density decrease of ∼9% based on their calculations, again, in close agreement with our value of 11%. The models described in this paper provide observers with a fast and simple estimation of the distortion, without the need to invoke estimations of uncertain internal parameters such as rotation rates, or requiring the user to calculate complex internal structure profiles. Indeed, recent observations by Sing et al. (2013) have indicated that WASP-12b has a density ∼20% Fig. 4 .-The decrease in bulk density on a logarithmic scale as a function of orbital period for the selection of short-period hot-Jupiters from Table 2 . As expected from the Roche approximation (equation 1), as the orbital period increases, the density correction decreases. The respective size of the circles represent the radius of the planet, and the colour gradient represents the mass of the host star. lower than previously estimated. By comparing the results from our model with observations such as these, we will be able to improve the accuracy of the density correction estimation by adding effects such as mass loss during subsequent iterations.
We must also consider the limitations of using this technique to model the distortion. As previously mentioned, equation 1 assumes orbital circularisation, and while this is a reasonable assumption, two of the planets considered in this work have significant eccentricities. HAT-P-23b and GJ436b both have e∼0.1, meaning the method used for these systems is not strictly applicable, and the density changes for these planets will differ from the stated amounts. For GJ436, this is not much of an issue, as the spherical density of this planet is already high (>1.5ρ J ), and the distortion given its 2.64-day period will not be significant. However, for systems with periods comparable to that of HAT-P-23b (1.2 days) and with appreciable eccentricities, the method we have used will produce a density change which is likely to be incorrect. The system components are also assumed to be centrally condensed. Again, while this is a reasonable assumption, work carried out by Sirotkin et al. (2009) indicates that the internal structure of low mass CV donors deviate from this assumption, resulting in slightly different Roche-volumes on the level of a few percent. While the models we have constructed do not fill the critical Roche lobe, this is nevertheless an important effect, as planets with a sufficiently high density only have a volume increase on the level of 0.5-1%.
As stated by Li et al. (2010) , the light curve from a tidally-distorted hot-Jupiter would be different from the spherical case. Simulations indicate that at the quarter and threequarters phase, the flux would be ∼10% greater due to the effective area being greater. Sufficient observations of day-night variations in the infra-red could, in theory, be able to detect this. However, since the change in intensity is almost beyond detection limits for ground-based platforms, space-based observations would be the ideal approach to detect the distortion (e.g. Spitzer, Hubble). In addition, oblateness of a transiting exoplanet would reveal itself through slight anomalies in ingress and egress. Carter et al. (2009) used Spitzer photometry to place oblateness constraints on the hot-Jupiter HD189733, concluding it is less oblate than Saturn. This is to be expected, however, as the spin rate for hot-Jupiters are expected to have been slowed due to tidal friction into synchronous orbit. It has also been shown that this effect is extremely difficult to measure, even for hot-Jupiters with periods of less than two days (Carter et al. 2010) . From Figure 1 , when viewed from the quarter-phase position, the distortion of the planet does indeed appear appreciable. Figure  2 , however, shows the distortion at 90
• inclination and zero phase. From this angle, the two cases are remarkably similar, indicating that even for planets with an appreciable distortion the oblateness is not particularly significant, in agreement with Carter et al. (2010) .
Given the likely over-estimation of the density of short-period hot-Jupiters as currently reported, there may also be an impact on current atmospheric simulations, as the species of molecule composing the upper atmosphere is dependent on the overall density. For example, Adams et al. (2008) and Swift et al. (2012) show that for a given mass-radius relation, the exoplanet's bulk composition can be found. However, the bulk composition is insensitive to a change in mass for planets greater than ∼100 Earth masses (∼0.3M J ) but is still sensitive to a change in effective radius. Mass-density plots, such as those provided in Szabó et al. (2011) for transiting exoplanets will also require an adjustment factor for the lower-mass hot-Jupiters. A change of 10% of the volume of a planet may allow for the planet to move from a bulk composition of H/He to one of H alone. Simulations indicate that a Saturn-mass planet with a radius of ∼1R J would have a volume 10% greater than an assumed spherical planet on a 1.5-day-period, meaning that for hot-Saturns, a shift in the bulk composition is possible. Figure 5 shows an example of the mass-radius parameter space from Swift et al. (2012) highlighting the particular area of interest which would result in a potential impact on composition simulations. Fig. 5 .-Mass-radius relations for a number of different compositions from Swift et al. (2012) . The 50% H/He line (red curve) has been added from Sasselov (2008) . The arrow represents the magnitude by which the tidal distortion can alter the radius from the spherical case.
Conclusions
The tidal forces short-period exoplanets are subject to due to gravitational interactions with the host star can result in an appreciable decrease in the bulk density once this effect is accounted for. Due to the bulk of the distortion being along the axis connecting the centresof-mass, this distortion is not apparent during transit, and hence when the density of the planet is being measured, this effect is not accounted for. For the most distorted systems, the corrected bulk densities could cause the assumed bulk composition to change, meaning atmospheric simulations must take this into account when dealing with short-period systems, as well as for planets with a low mass/radius ratio.
We have demonstrated that for short-period systems, the decrease in bulk density from the spherical case is of the order of 10% for systems where the parameters allow for the most distortion. It has also been shown that for particularly dense planets, this effect is negligible, even for systems with periods less than one day. As further exoplanets are discovered, the mass-ratio of these systems will also provide a further census of planets with more extreme mass ratios where the gravitational distortion will be enhanced. The method we have used matches previous models based on much more complex internal modelling of the planet as a whole, and provides a simple method for observers to estimate the distortion limits. As more hot-Jupiters with even more extreme environments are being discovered, it is imperative that any correction in the parameters obtained for these systems are applied in order to obtain the most accurate possible atmospheric models. In addition, modelling hot-Saturn planets can also provide important information for internal modelling simulations, as in the case of a short-period planet with parameters similar to HD149026b. Table 2 : Derived parameters for short-period hot-Jupiter exoplanets, with modified density values taking into account distortion due to tidal forces. Columns 1-6 and 8 are the parameters given in the corresponding reference (7). Column 9 is the adjusted density for the planet taking into account tidal distortion. Column 10 is the percentage difference between the two densities. 
